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We report experimental storage and retrieval of weak coherent states of light at telecommunication 
wavelengths using erbium ions doped into a solid. We use two photon echo based quantum storage 
protocols. The first one is based on controlled reversible inhomogeneous broadening (CRIB). It 
allows the retrieval of the light on demand by controlling the collective atomic coherence with an 
external electric field, via the linear Stark effect. We study how atoms in the excited state affect the 
signal to noise ratio of the CRIB memory. Additionally we show how CRIB can be used to modify 
the temporal width of the retrieved light pulse. The second protocol is based on atomic frequency 
combs (AFC). Using this protocol we also verify that the reversible mapping is phase preserving 
by performing an interference experiment with a local oscillator. These measurements are enabling 
steps towards solid state quantum memories at telecommunication wavelengths. We also give an 
outlook on possible improvements. 



I. INTRODUCTION 

Light-matter interfaces in general, and quantum mem- 
ories for single photons in particular, are of great interest 
for the field of quantum information [1]. Quantum mem- 
ories could be used to synchronize probabilistic quantum 
processes. These are essential ingredients in, for instance, 
quantum repeater architectures which would allow us to 
extend fiber-based quantum communication schemes be- 
yond today's distance limit set by attenuation in optical 
fibers 2-4]. Another potential application is to transform 
a probabilistic, but heralded, single photon source into a 
close to deterministic source of single photons, which is 
of interest for a variety of experiments and applications 

A photonic quantum memory requires reversible map- 
ping of light, at the single photon level, onto long-lived 
coherent atomic excitations. Important progress has 
been made during the last years towards the realization 
of an efficient and coherent quantum memory [(il-fl2| . Al- 
most all of these experiments have been performed with 
atomic transitions in the visible range. However, in the 
context of quantum communication, it would be of great 
interest to have the ability to store and retrieve photons 
at telecommunication wavelengths (around 1550 nanome- 
ters), which can be transmitted with low loss in optical 
fibers. Such a quantum memory could be easily inte- 
grated into fiber optical networks. It would also be use- 
ful to realize a narrow band deterministic source of single 
photons at telecommunication wavelengths for quantum 
communication. Finally, a quantum memory capable of 
storing photons in this range is also required for some 
efficient quantum repeater architectures. [1, [ID, [l4| 

One possibility to interface photons at telecommuni- 



cation wavelengths and quantum memories is to use fre- 
quency conversion techniques, i.e. to convert the wave- 
length of the telecom photon to the resonance frequency 
of existing solid state or atomic gases quantum memo- 
ries in the visible range or vice versa [15|-[F7|- But such 
a conversion will induce additional loss and increase the 
complexity of the experiment. Moreover, the application 
of a strong pump laser applied to a optically nonlinear 
medium, a commonly used method for such a conversion, 
can lead to noise which may blur the single photon signal 
flU]. Another possibility is to directly use atomic sys- 
tems with an optical transition in the telecommunication 
range. A promising candidate in this context is erbium 
doped into crystals, since erbium has a well-known transi- 
tion around 1530 nm. In particular Er 3+ ions doped into 
Y2Si05 crystals [ll| are highly interesting since an ex- 
tremely long optical coherence time of around 6 millisec- 
onds has been obtained is this solid-state system [2(| [2l[ . 

Quantum storage in erbium doped solids is challenging 
because of limitations in the required memory prepara- 
tion as described in 22] for Er 3+ :Y2Si05 . Here we will 
report on another difficulty when implementing a quan- 
tum memory with this material. Residual population in 
the excited state due to imperfect memory preparation 
together with a low memory efficiency causes a low signal- 
to-noise ratio when performing storage experiments at 
the single photon level. We will discuss this issue in more 
detail and present solutions to this problem. 

Despite these challenges, we report proof of principle 
demonstrations of photon echo based storage at the sin- 
gle photon level in an erbium doped crystal. The first one 
is based on controlled reversible inhomogeneous broaden- 
ing (CRIB) [23Tj26j . The main results of this work have 
already been published elsewhere [27] . Here we give a 
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more detailed study on how the weak CRIB signal is af- 
fected by the fluorescence noise from excited atoms. We 
also show how this technique can be used to control the 
temporal profile of the retrieved pulses (28|. The second 
method is based on an atomic frequency comb (AFC) [29[ 
written into the inhomogeneously broadened absorption 
profile of the rare earth ion doped solid. It has already 
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been implemented in a range of different materials at 
different wavelengths [T3, H3413- Here we present the 
first results at telecommunication wavelengths. Besides 
the novelty of the material and the wavelength, this ex- 
periment also includes previously unexplored aspects of 
the AFC protocol, such as an alternative way of creating 
the atomic frequency comb using standard hole burning 
techniques. We also study the coherence of the storage 
process by performing an interference experiment with a 
local oscillator. Even if the efficiencies obtained for both 
protocols are still low, it shows the feasibility of a mem- 
ory at telecommunication wavelengths and it hopefully 
will stimulate further research on the spectral properties 
of erbium doped solids. 

The article is structured as follows. In section lU we 
briefly review the theoretical basis and the experimental 
state of the art for the two quantum storage protocols 
used in this paper. Section IlIII describes the experimen- 
tal procedure used. In section IV and V we present the 
results obtained for the AFC and CRIB protocols, re- 
spectively. Finally, in section PVTl we propose to combine 
the two methods and show first experimental results on 
that. 



II. PHOTON ECHO BASED QUANTUM 
STORAGE 

In this section we discuss the underlying process of 
both photon echo based protocols we explored in this 
work. For this let us consider an ensemble of atoms form- 
ing an inhomogeneously broadened atomic absorption. If 
a single photon spectrally matching this broadened line 
gets absorbed, the atoms will be in a superposition of 
states (collective excitation): 

1 N 

<7j denotes atom j in the ground, ej in the excited state. 
A dephasing will take place since atoms absorbing at dif- 
ferent frequencies within this line will acquire different 
phases Sjt, where Sj denotes the detuning from the cen- 
tral absorption line. This dephasing inhibits the collec- 
tive emission of light by the ensemble. However, if one 
finds a way to undo this dephasing, i.e. to obtain an 
overall phase factor of one after a time T for all atoms, 
such an emission will take place. In the classical two 
and three pulse photon echo, this is done by the appli- 
cation of bright optical pulses on the optical transition. 
These methods are interesting since they enable the stor- 
age and retrieval of large trains of classical optical pulses 
[38|. However, conventional photon echo techniques have 
strong limitations regarding the storage of single photons 
[39l l4(ij . The main reason is the application of the the 
strong pulses that are necessary to induce the rephasing. 
They will transfer population from the ground- to the ex- 
cited state and therefore cause an intrinsically low fidelity 



due to noise from incoherent de-excitation (fluorescence). 

In order to use photon echo techniques as quantum 
storage protocols, it is thus necessary to devise meth- 
ods where the rephasing mechanism does not involve a 
population of the excited state. In this article we present 
measurements on photon echoes at the single photon level 
using two different schemes fulfilling this requirement: 
controlled reversible inhomogeneous broadening (CRIB) 
and atomic frequency combs (AFC), which we are both 
going to describe in more detail now. 

A. Controlled Reversible Inhomogeneous 
Broadening 

The underlying rephasing mechanism of this scheme 
is based on a reversal of the inhomogeneous broadening 
in a controlled way (therefore it is known as controlled 
reversible inhomogeneous broadening, CRIB). This pro- 
tocol was first proposed for hot atomic gases, where the 
Doppler shift of atoms depends on the direction of laser 
beams [23[ . CRIB was later extended to rare-earth doped 
solids by three different groups [2j - |2&1 |. The idea is the 
following [24], Sl|: First, a narrow absorption line is cre- 
ated within a large transparency window. This can be 
done using optical pumping techniques as will be de- 
scribed in section fill B[ This initially narrow absorption 
line is then artificially broadened. In our case this is done 
by the application of an electric field gradient in the di- 
rection of light propagation (z). Since the ions possess 
a permanent electric dipole moment, their optical reso- 
nance frequency will shift due to the linear Stark effect 
by an amount Sj that depends on the position Zj of ion j. 
After the absorption of a photon the atoms will be in a 
state as given by equation Q] and the atomic dipoles will 
dephase accordingly. This dephasing can be reversed by 
changing the sign of the detuning Sj — > — 5j at a time 
r, which can be done by simply flipping the polarity of 
the electric field. Note that r can be chosen after the 
absorption ("on demand" readout of the memory). The 
state of the system at a time t after the flip becomes 

|V >= ^=^e l2 " T ^ T e~ t2v ^ t e lkz \g 1 ...e J ...g N > . 

.(2) 

It is obvious that at the time t = r, i.e. a total time 
2t, the spectral phases will have canceled. The atomic 
dipoles are back in phase and the ensemble will collec- 
tively emit an echo of the incident light in the forward 
direction. 

The forward retrieval efficiency is given by (42j | 

VCRiB = dle- d ^e- d °e- t2 ^, (3) 

where db r is the optical depth of the broadened peak, and 
7 = 2777 the spectral width of the initial peak (standard 
deviation). The first term gives the raw efficiency for 
the photon to be absorbed and re-emitted. The second 
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term accounts for the possibility for the photon to be re- 
absorbed by the medium. In case of inefficient optical 
pumping, (re-)absorption of the light by an absorbing 
background with optical depth do occurs, which is taken 
into account here as well. The last term describes the 
decoherence due to the finite width of the initial peak. 
Note that a unit efficiency memory can be achieved using 
a backward readout [42[, provided that do = 0. 

CRIB was first realized in europium doped Y 2 Si05 
crystals (26j . Since the initial demonstration, a lot of 
progress has been made concerning its efficiency using 
praseodymium as dopant, approaching 70% in the quan- 
tum regime [Til] - We have recently demonstrated the 
feasibility of the protocol at the single photon level in 
the telecommunication band using an erbium doped sam- 
ple [13] ■ I n this article we present an analysis of the 
noise occurring in this experiment and the methods we 
applied to reduce it which allowed us to work in this 
regime. Furthermore we present measurements show- 
ing pulse-compression and -stretching at the few photon 
level. Note that CRIB has also been realized with con- 
trolled broadening of spin transitions in a rubidium vapor 
[HI . Its capability to serve as a pulse sequencer and pulse 
shaper also was shown experimentally [441 ] . 



B. Atomic Frequency Combs 

The rephasing mechanism in this scheme is based on a 
periodicity in the absorption profile [2!| . We start with a 
number of equidistant absorption peaks with a separation 
of A (atomic frequency comb, AFC). Let us consider an 
incident photon with a central frequency ujq and a spec- 
tral width that is smaller than the total width of the 
comb. The light will be absorbed as a single excitation 
distributed over the atoms forming the absorption peaks. 

We can write the state of the atoms in the same manner 
as in Eq. [T] In the ideal case of very sharp comb peaks 
5j is given by 5j = njA, where rij £ Z is the number of 
the peak the ion belongs to. It is easy to see that, due 
to this periodicity, for times 



(m € N) the phase factors all are equal to one, i.e. the 
atomic dipoles are back in phase and a collective emission 
will take place (note that here the unit of A is Hertz). 
Unlike in the CRIB protocol the rephasing mechanism is 
an intrinsic property of the spectral shape and no exter- 
nal manipulation is required. However, for this reason 
the moment of rephasing can not be changed after the 
absorption. An additional coherent transfer of the exci- 
tation to a ground state spin level and back is required 
29] in order to improve the scheme from a delay to an 
on demand memory. 

The efficiency of the AFC scheme in the forward direc- 



tion for the first echo is given by [HI Hil : 

d 2 _d _ A _ i , . 

r]AFC = -f^e "e a °e l^mn?. (5) 

The finesse F is the ratio between the width of the 
peaks 7 and their separation A. d is the optical depth of 
the peaks. Note that this formula is similar to the one 
given for the CRIB scheme (eq. \5§ . The optical depth 
of the broadened peak is simply replaced by the effective 
optical depth of the AFC, d/F. If one writes the finesse 
F in terms of the storage time T\ = 1 /A and linewidth 
7, one will find that the last term corresponds to the 
decoherence term in equation [3] Also here an absorb- 
ing background is taken into account. Note that, as for 
CRIBjimit efficiency is possible in backward configura- 
tion [291 ] . 

The AFC protocol has been used to demonstrate the 
first solid state light matter interface at the single pho- 
ton level [l(| and more recently to demonstrate entangle- 
ment between a photonic qubit and an atomic excitation 
in a solid [3(| H3] . The extension of the scheme by spin 
wave storage was recently reported [3l|. Further work 
has shown improved storage efficiencies (32T - [34j ] . The 
most important feature of this protocol, that one can ef- 
ficiently store and retrieve multiple temporal modes (see 
sec. Ill C was also shown [h], HH, S]. In this work 
we demonstrate AFC experiments at telecommunication 
wavelengths in an erbium doped crystal. Furthermore we 
show how the phase of the AFC echo can be shifted by 
changing the central frequency of the AFC. We obtain 
interference fringes with a visibility of 90%. Addition- 
ally, we carried out the same experiment with the second 
AFC echo (m — 2). Also here we observe interference 
fringes. We find that the phase of these fringes is twice 
as large as for the fringes of the first echo. 

C. Comparison of the two protocols 

At this point we would like to give a brief comparison 
of the two protocols. 

1. Multimode Capacity 

The possibility to store a train of incident photons 
(multiple temporal modes) in a quantum memory is of 
great interest in the context of quantum repeater archi- 
tectures (4(| . It has been shown that the number of tem- 
poral modes N that can be efficiently stored in a CRIB 
memory grows linearly with the optical depth d of the 
initial unbroadened absorption line 0, |47| . This can be 
understood by the following arguments: 

The number of temporal modes that can be stored in 
the memory is roughly given by the ratio of the time r 
(from the first input pulse to the moment of switching) to 
the duration of the each input mode Tcri b: JVa Tp-^ — . 
The storage time of the CRIB protocol is of the orcler of 
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the inverse of the width of the initial peak r oc 



On 



the other hand, the broadened absorption profile should 
be at least as large as the linewidth of the incident light 
(see sectionlrv]). The number of temporal modes that can 
be stored is thus obviously given by the factor with which 
the initial line was broadened. The optical depth db r of 
the broadened line, however, decreases linearly with this 
factor and this diminishes the storage efficiency (see eq. 
[3]). In short, to double the number of temporal modes 
that can be stored while keeping the storage efficiency 
constant, one has to double the initial optical depth d. 

The situation is different for the AFC protocol. In or- 
der to increase the spectral width of the comb one can 
add peaks to it. In fact, the number of modes is limited 
by the number of peaks [29] . The optical depth and the 
finesse are not affected and the efficiency does not change 
(eq. [5]). The limitations for the spectral width (and thus 
the number of peaks) of a comb, are material properties. 
These are for example the inhomogeneous broadening as 
well as hyperfine level spacings. The number of temporal 
modes that can be stored does not depend on the avail- 
able optical depth, contrary to all other QM proposals. 
Furthermore is the efficiency for all modes the same. This 
is in contrast to the CRIB protocol where the efficiency 
decays exponentially 

An interesting aspect in the context of the multimode 
capacity of the two protocols is that AFC is a First In 
- First Out (FIFO) memory [H El, while CRIB is a 
First In - Last Out (FILO) memory J44j]. This may be of 
interest for future applications of quantum memories. 



Note that both protocols require a third ground state 
level for spin wave storage. 



3. Material Aspects 

The CRIB protocol requires the existence of a linear 
Stark or Zeeman effect in the medium which allows to 
induce and control the inhomogeneous broadening. In 
thulium doped YAG for example, the Zeeman effect is 
very weak since Tm 3+ is not a Kramers ion and the mag- 
netic field only acts on the nuclear spin. A fast switching 
of high magnetic fields, as they would be required in this 
material, is not possible. Moreover, a linear Stark does 
not exist in Tm 3+ :YAG due to the crystal symmetry. 
While it is thus impossible to use Tm 3+ YAG in CRIB 
experiments, AFC experiments do not require either of 
the two and have already successfully been achieved in 
this material [3(| H3, HI| • AFC can thus be implemented 
in a larger range of materials. 

To sum up: the main advantage of the AFC is the mul- 
timode capacity. It can be performed in a higher variety 
of materials since it does not depend on the existence and 
the strength of the interaction with an external electric 
or magnetic control field. However, the transfer of exci- 
tations to a long-lived ground state level required for an 
on-demand readout in a AFC memory is more challeng- 
ing. Both protocols have their advantages and are worth 
being investigated. 



2. Spin Wave Storage 



III. EXPERIMENTAL SETUP AND NOISE 
REDUCTION 



The transfer of the excitation to a long-lived ground 
state level using control pulses (7r-pulses) is a required 
step for an AFC memory in order to achieve an on- 
demand readout. However, it can also be used in the 
CRIB scheme to increase the storage time [13, HH. In 
the case of a multimode memory discussed before, the 
bandwidths of the control pulses have to be sufficiently 
large in order to transfer all ions of the collective en- 
semble efficiently. In order to achieve this, one may use 
chir ped pu lses such as complex hyperbolic secant pulses 
[3ll l48l45lj . These require a sufficiently long time be- 
tween input mode and echo - in order to be able to apply 
them over the entire bandwidth - as well as a high oscilla- 
tor strength of the transition. To realize an efficient mul- 
timode AFC-memory with spin- wave storage can thus be 
difficult. Since in CRIB the width of the spectrum can be 
controlled externally, one can narrow the required band- 
width to the width of the initial peak. Note that in this 
case the electrical control field is off during the transfer. 
The ability of being able to fully control the excitation 
spectrum with the electric field is a great advantage here, 
since it considerably relaxes the constraints on the con- 
trol pulses to obtain a efficient transfer. Thus an efficient 
transfer is more easily achievable for the CRIB scheme. 



In this section we describe the experimental setup as 
well as the optical pumping techniques and the experi- 
mental cycle common to both experiments presented in 
this work. We also study the main source of noise present 
in the system, which could be identified as fluorescence 
due to imperfect memory preparation. We show how this 
noise can be reduced. 



A. Setup 

The sample used is an Er 3+ :Y 2 Si05 crystal (lOppm) 
placed on the cold finger of a pulse tube cooler (Oxford 
Instruments), cooled down to 2.6K. The Y2Si05 crystal 
has three mutually perpendicular optical-extinction axes 
labeled DI, D2, and b. Its dimensions are 3.5 x 4 x 6mm 
along these axes. The Er 3+ can be found at two crys- 
tallographic inequivalent sites (sites 1 and 2). All mea- 
surements in this work were carried out on ions at site I. 
A magnetic field was used to induce a Zeeman splitting- 
necessary for state preparation. It was provided by a per- 
manent magnet outside the cryostat and was applied in 
the Di — D2 plane at an angle of 9 = 135° with respect to 
the Di-axis 52j (Figured! inset). For all measurements 
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it was set to 1.5 mT in order to allow for an optimal op- 
tical pumping efficiency and not to decrease the optical 
depth by separating the inhomogeneously broadened Zee- 
man transitions completely. The light was traveling in a 
direction parallel to b and its polarization was aligned 
to maximize the absorption ( H| . The optical depth of 
the sample was 2. The electric quadrupole field for the 
CRIB experiment was applied with the use of four elec- 
trodes placed on the crystal as shown in the inset of figure 
[T]and described in [53]. 

The experimental setup is shown in figure [TJd. The 
experimental sequence was divided into two parts: the 
preparation of the memory and the storage and retrieval 
of the weak pulses. For state preparation an external cav- 
ity diode laser at 1536 nanometers (Toptica) was used. 
It also served as light source for the weak input pulses. 
The timing of the experimental sequence is shown in Fig. 
[3J The preparation of the memory consisted in preparing 
the specific absorption structure required for each proto- 
col (a single absorption line for CRIB and a comb for the 
AFC). The preparation was done with optical pumping 
techniques (see section llll Bl) and lasted 120 milliseconds. 
After the preparation, we waited a time T wa a to allow 
the atoms in the excited state to decay to the ground 
state before the actual storage experiment. For measure- 
ments at the single photon level, two optical paths were 
necessary: one for the intense pulses used in the optical 
pumping (strong path) and one for the weak pulses at 
the single photon level to be stored and retrieved in the 
crystal (weak path). In the weak path, the light was at- 
tenuated to the single photon level with a variable fiber 
attenuator. The two paths were recombined with a fiber 
coupled optical switch. The weak output mode was de- 
tected u sing a superconducting single photon detector 
(SSPD) [5J] run in constant voltage mode with an effi- 
ciency of ~ 7% and a dark count rate of 10±5 Hz. During 
state preparation the SSPD was blocked with a mechan- 
ical chopper in order to avoid it from being blinded by 
the relatively strong preparation pulses. During the stor- 
age sequence, the leakage from the bright arm was fur- 
ther blocked with another mechanical chopper in order 
to prevent noise. 



B. Spectral Tailoring 

Both protocols require spectral tailoring of the inhomo- 
geneous absorption profile. This can be done by optically 
pumping ions from one to another ground state level via 
the excited state. For this reason the degeneracy of the 
ground state levels, as it is present in Er 3+ :Y 2 Si05 , has 
to be lifted by the application of an external magnetic 
field making use of the Zeeman effect. 

The optical pumping efficiency depends on the ratio 
between the ground state relaxation time Tz and the ex- 
cited state relaxation time T\ , and on the branching ratio 
j3 of the two transitions connecting the ground state lev- 
els to the excited state. In erbium doped Y2SiOs, T\ 




FIG. 1. (COLOR ONLINE) a) Level scheme of the material. 
Zi and Z2 denote the first and second crystal field level of 
the ground state, Yi the first crystal field level of the excited 
state, b) Experimental setup: Both lasers are amplified us- 
ing erbium doped fiber amplifiers (EDFAs). The pump laser 
(1536 nanometers) is split into two paths. For state prepara- 
tion (path 1) it is combined with the stimulation laser (1545 
nanometers) using a wave division multiplexer (WDM). In 
path 2 it is attenuated to produce the weak optical pulses to 
store in the medium. An optical switch allows to send either 
of them into the sample. The strong path is blocked before 
the cryostat during the measurement sequence and after the 
cryostat during state preparation, respectively, in order to 
protect the superconducting single photon detector (SSPD) 
and to avoid noise from a leakage in the optical switch. Pulses 
are created with acousto-optical modulators (AOMs). Two 
AOMs were necessary for the laser at 1536nm in order to ob- 
tain a sufficient extinction ratio. The polarizing beam splitter 
(PBS) is set parallel to the D2-axis to achieve maximal op- 
tical depth and polarization is adjusted before to maximize 
the power arriving at the sample. Inset: Illustration of the 
crystal with electrodes, magnetic field and direction of light 
propagation indicated. 

is about 11 milliseconds [ll| and Tz has been measured 
to reach up to 130 milliseconds for similar experimen- 
tal conditions [55[. Tz and are strongly dependent on 
the direction of the magnetic field with respect to the 
crystal axes. Tz also strongly depends on the temper- 
ature of the sample. The branching ratio for the opti- 
mal Tz ~130 ms we found is of order of (3=0.1. This 
means ~ 90% of the population de-excites down to the 
initial state. Under these conditions, the number of op- 
tical pumping cycles that can be performed is low, and 
it is very difficult to efficiently transfer population from 
one ground state level to the other. The optical pump- 
ing efficiency can be enhanced by artificially decreasing 
T\ using stimulated emission to a short lived auxiliary 
level that quickly decays to the ground state via a non- 
radiative decay [22|. Hence, two lasers are used for the 
optical pumping, a pumping laser at 1536 nanometers, 
and a stimulation laser at 1545 nanometers. 

The experimental cycle is illustrated in figure [5] Each 
preparation sequence takes 120 milliseconds of optical 
pumping during which both lasers are sent into the sam- 
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FIG. 2. (COLOR ONLINE) Pulse sequences used in the ex- 
periments. During state preparation ions are pumped from 
one to the other ground state Zeeman level via the excited 
state as described in the text and illustrated in[]Ji. The stim- 
ulation laser is still left on for 23.5 milliseconds after the op- 
tical pumping in order to deplete the excited state. After 
state preparation the switch is set to the attenuated path 2 
and a series of measurements is carried out. A number of N 
(typically N = 8000) consecutive weak optical pulses is sent 
into the sample. For each of these trials the time-to-analog- 
converter is triggered and in case of a detection a count is 
added to the measured time bin in a histogram. The sequence 
is repeated at a rate of 3Hz. 



pie. The frequency of the pump laser is repeatedly swept. 
In this way a wide pit is burned into the inhomogeneously 
broadened absorption line at 1536 nanometers. If the 
light is amplitude modulated using an acousto-optical 
modulator (AOM) and turned off each time the laser 
passes a frequency uj ga te a narrow absorption feature will 
be left at this frequency (fig. [3^) ■ For preparation of the 
frequency comb the laser has to be periodically modu- 
lated as indicated in figure [3Jd. 



C. Storage and retrieval experiments 

The time available to perform the actual storage ex- 
periments is limited by the Zeeman lifetime of Tz J; 130 
milliseconds [55[ of the material. Population left in the 
excited state after preparation will lead to noise from 
fluorescence during the storage experiments. In order to 
deplete the excited state, the laser at 1545 nanometers 
is left on for an additional time T extra after the AOM 
of the pump laser has been closed completely (figs. [1] 
and [2j. During the storage part the preparation path is 
closed and the chopper of the detection path is opened 
at the same time. At a rate of 200 kHz a sequence of 
N strongly attenuated pulses is sent into the sample be- 
ginning at a time T wa n after the pump pulse. At the 
beginning of each of these trials a start signal is sent to 
a time to analog converter (TAC). A detection with the 
SSPD provides the stop signal. The incident pulses are 
weak coherent states of light \ch)l with a mean number 
of photons n = |a| 2 . We determined n by tuning the 
frequency of the laser out of the spectral region of the in- 
homogeneously broadened absorption line and measuring 
the number of photons arriving at the SSPD. By measur- 
ing the losses between the input of the cryostat and the 
detector (transmissions 15%) and the efficiency of the 
latter, we could trace back the average number of pho- 





(b) 





[__J 


- 








1 1 




1 T 




















A 





















FIG. 3. (COLOR ONLINE) Pulse sequences used for the 
preparation. To create a spectral pit the pump laser is re- 
peatedly swept. To create the central peak required for the 
CRIB protocol it is turned off each time it passes the central 
frequency (a). To create a comb structure it is turned off 
periodically. The trigger delay r between sweep- and pulse- 
sequence allows to to create combs that are shifted in fre- 
quency and was used to perform the measurements that show 
the preservation of coherence during storage (see section [V] 
and fig. [JUJ). 



tons per pulse arriving at the crystal. The results were 
checked with a photo diode by a measuring the intensity 
of the same pulses without attenuation. Measurements 
were performed at T wa n = 86 ms after state prepara- 
tion in order to reduce noise from from fluorescence as 
explained in section HVl 



D. Noise reduction 

An experimental issue arising when input pulses are 
at the single photon level is the fluorescence from atoms 
left in the excited state due to an imperfect preparation 
of the memory. As described above, in order to create 
the initial narrow absorption line, a population transfer 
between two ground states ( in our case Zeeman states) 
using optical pumping via the excited state is used. In 
case of an incomplete transfer there will be population 
remaining in the excited state after the preparation se- 
quence. If the depletion of this level is slow, which is 
the case for rare-earth ions, this can lead to a high noise 
level from fluorescence that will blur the weak echo pulse. 
This problem is especially important for Erbium doped 
Y2SiC>5, were the optical relaxation time is very long (Ti 
= 11 milliseconds [19| ). In order to investigate this is- 
sue, we performed an experimental charaterization of the 
noise in our system. 

For this experiment we performed the state prepara- 
tion as described above, leaving a single absorption line 
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at the center of the spectral pit. We then measured the 
number of counts in the same temporal mode as we would 
do it for a storage experiments, but with n = 0, i.e. no 
photons at the input. We carried out experiments for dif- 
ferent powers of the stimulation laser at 1545 nanometers. 
For all cases the stimulation laser was left on for a time 
2extra=10ms after the pump laser was switched off. The 
result is presented in figure 0] One can see that the noise 



IV. CONTROLLED REVERSIBLE 
INHOMOGENEOUS BROADENING 

In this section we report on the CRIB experiments. 
Each of the weak pulses arrives at the sample within the 
time of an electrical pulse applied to the electrodes of the 
sample (see the inset of figure [8]), i.e. when the central 
peak is broadened. 
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FIG. 4. (COLOR ONLINE) Noise measurement: Number of 
counts as function of the delay after state preparation for dif- 
ferent power of the stimulation laser (logarithmic plot). An 
exponetial fit to the data gave a decay time of 11 milliseconds 
which confirms that the noise is due to ions left in the excited 
state. Application of the stimulation laser yields a strong re- 
duction of this noise. Integration time was 100 seconds and 
N — 8000 for each data point. T ex tra = 10ms for all mea- 
surements. The power of the stimulation laser was measured 
before the cryostat. 



counts diminish with a decay time of 11 milliseconds. 
This confirms that this noise is coming from fluorescence 
due to ions left in the excited state after memory prepa- 
ration. Furthermore, the application of the stimulation 
laser helps to reduce the noise significantly. However, 
with the limited stimulation power available, we did not 
manage to quench it completely. In order to perform ex- 
periments at the single photon level it is thus advisable 
to go to high waiting times also with stimulation laser 
applied. A drawback will be, that the memory efficiency 
goes down since the created absorption structure decays 
with Tz which is only one order of magnitude longer 
than the excited state lifetime T\. One thus has to find 
a compromise between storage efficiency and noise level. 
In section IIVI we show an analysis of the CRIB memory 
with respect to the efficiency and the signal to noise ratio 
for different delays. Note that this analysis also holds for 
the AFC measurements since they have been performed 
under the same conditions. 
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FIG. 5. (COLOR ONLINE) Efficiency of the memory and 
signal to noise ratio as a function of waiting time after state 
preparation with and without stimulation laser. For these 
measurements N = 2000 consecutive pulses with a temporal 
width of 200 nanoseconds were sent into the sample. The 
distance between the pulses was 5 microseconds. The number 
of incident photons per pulse was n = 27. Note that the 
signal to noise ratio is a linear function of n and the efficiency 
is independent of the number of input photons in this regime 
[27[. The gray box labeled MEASUREMENT indicates the 
time interval in which storage experiments were carried out 
in the rest of this work. 

We first studied the effect of the fluorescence noise. In 
order to do this, we measured the signal to noise ratio 
as well as the efficiency of the storage, as a function of 
the time T wa n between the memory preparation and the 
beginning of the storage sequence (see fig. [5]). The same 
measurements were also performed without the stimula- 
tion laser applied. 

To calculate the signal to noise ratio we considered two 
time windows in the histograms recorded by the TAC (see 
fig. [6|). The first one (A) contains the echo including the 
noise floor. The second one (B) has the same number of 
bins and is placed outside the region where the echo is 
expected, i.e. it only contains the noise floor. From the 
number of counts Na,b in these windows, the signal to 
noise ratio can be calculated as 



S/N 



N A -N B 
N B 



(6) 



Due to a better performance of state preparation when 
the stimulation laser is applied 22[, the efficiency of 
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FIG. 6. (COLOR ONLINE) CRIB echoes for two different 
switching times of the electric field. The number of photons 
per incident pulse was n — 0.9. Input pulse duration was 
100 nanoseconds. The integration time was 2.5 x 10 4 sec- 
onds. Dark counts of 10 Hertz have been subtracted from the 
data. The voltage applied on the electrodes was ±70V. The 
enlargement of the echo with respect to the incident pulse 
can be explained by a spectral mismatch between pulse and 
absorption line. A and B indicate the time windows used to 
calculate the signal to noise ratio (see text). 



the memory is significantly higher compared to the case 
where it is not applied. At the same time also the noise 
is reduced, as explained in section IIIIDI However, we 
noticed a heat input for higher stimulation power. The 
limited power we could apply to the sample lead to a 
lower efficiency of the memory. The use of a cryostat 
with a higher cooling power might thus lead to better 
results. Nevertheless, in this work we had to make use of 
its spontaneous de-excitation in order to lower the noise 
rate. 

Measurements of storage and retrieval of weak pulses 
with a mean number of photons n < 1 using this system 
have been reported in [27[ . Fig. |6]shows another example 
with n =0.9. Here the input pulses have a duration of 100 
nanoseconds and the initial line is broadened by applying 
a voltage of 70 volts to the electrodes which corresponds 
roughly to a broadening of the central peak by a factor 
of 3 [53j. In that case, the storage efficiency is of the 
order of 0.1%. Higher storage and retrieval efficiencies 
have been reported in [2jj for smaller broadenings and 
longer pulse durations. 

Remarkably, we observe that the efficiency does not 
decay as a function of T wa n to the extent expected from 
the ground state Zeeman lifetime. This can be explained 
by a non-negligible contribution of long lived holes (5o| 
to the spectrally tailored absorption profile. In order to 
confirm this we measured the lifetime of a spectral hole 
created with stimulation laser applied. Besides contribu- 
tions from the excited state decay (T\ = 11ms) and the 
second ground state Zeeman level decay (Tz = 130ms) 
we observed a third decay time of about 15 minutes (a 



spectral hole could still be observed 1 hour after opti- 
cal pumping). The origin as well as its dependence on 
experimental conditions (such as pump and stimulation 
power) of the occurrence of these long lived holes so far 
remain unclear and further investigations have to be car- 
ried out. This would be of great interest since the results 
presented in this work only could be obtained because 
the persistent hole allowed us to wait (> 85ms) for the 
ions to de-excite without loosing to much in retrieval effi- 
ciency. Another interesting feature of the long-lived holes 
is that they in principle allow to work at temperatures 
above the limit due to spin-lattice relaxation between 
the ground-state Zeeman levels presented in |55|. Figure 
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FIG. 7. Efficiency of the CRIB memory as a function of tem- 
perature. At temperatures significantly above 3 Kelvin there 
can be no contribution to the tailored absorption profile from 
population transferred between ground state Zeeman levels 
[55j | . The existence of very long-lived (persistent) holes and 
there contribution to the absorption profile allows the obser- 
vation of a CRIB echo at temperatures up to 4.5 Kelvin. The 
number of incident photons per pulse was n = 10, integration 
time for each measurement was 200s. For the positive and 
the negative electrical pulses a voltage of ±50V was applied 
to the electrodes. 

[7] shows the efficiency of the CRIB memory as a function 
of temperature. Above 3.5 kelvin there is no population 
transfer between the ground-state Zeeman levels possible 
[55l | . We can thus attribute the feasibility of the CRIB 
protocol in this regime to the contribution of long lived 
holes. The existence of the spectrally tailored absorption 
profile at these temperatures was confirmed in a simple 
absorption measurement. 

These results have allowed us to perform the experi- 
ments presented in [271 ] ■ At this point we would like to 
present further measurements which show how the elec- 
tric field does not only allow the storage and retrieval of 
light, but also provides a resource for shaping the tem- 
poral width of optical pulses. 

Let us assume an initial artificially broadened line with 
a width Ti and an incident light pulse that spectrally 
matches this line. The temporal width of this light pulse 
is proportional to the reciprocal of the spectral width 
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(ti oc 1/ri) since it is simply given by the Fourier trans- 
form. If we now mirror the broadening by reversing the 
polarity of the electric field, as described above, 5j —> —Sj 
(T-2 = Ti), the echo coming out will have the same 
spectral and thus also temporal shape as the incident 
pulse. If we choose the electric fields to be asymmetric, 
i.e. 6j —> —aSj , the spectral width of the echo will be 
changed by a factor a (T2 = aTi) and so the tempo- 
ral width will change as well. This method was studied 
in detail by Moiseev and Tittel [28]. It could serve as 
a tool for bandwidth matching of broadband photons to 
narrowband quantum memories or to increase bitrates 
in quantum communication networks. Its feasibility was 
experimentally demonstrated in a rubidium vapor using 
a switchable magnetic field gradient 

Figure [5] shows the temporal width (full width at half 
maximum) for six different combinations of the first and 
second electrical field (U\ and U2) used to induce and re- 
verse the broadening. One can clearly see how the echo 
can be compressed or stretched with respect to the in- 
put pulse. Note that for this measurement we were lim- 
ited by the width of the initial peak causing a fast de- 
cay of the efficiency with storage time. Temporally long 
pulses occur truncated by the envelope given by this de- 
cay curve. Nevertheless, we still can observe the expected 
effect without correcting for the decay. 
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FIG. 8. (COLOR ONLINE) Full width at half maximum 
(FWHM) of the CRIB echo for three different voltages U 2 
applied to the sample after switching the polarity of the elec- 
trical field as sketched in the inset. Before switching a voltage 
of Ui =95V (green triangles) and Ui =65V (blue circles), re- 
spectively, were applied. One can see that using this method, 
the FWHM of the echo can be changed. 



V. STORAGE OF WEAK COHERENT PULSES 
USING THE ATOMIC FREQUENCY COMB 
PROTOCOL 

We now describe the measurements of storage and re- 
trieval using the AFC protocol. Using the spectral hole 



burning technique described in Section [ill B[ we created 
an AFC with by turning off the pump laser 14 times dur- 
ing one frequency sweep. We then sent in weak pulses of 
light of 100 nanoseconds to be mapped on the crystal. 

Figure [9] shows the result of a measurement with an 
input pulse with a mean number of n = 0.5 photons. The 
comb had a finesse of F s» 2.6, an absorbing background 
of g?o = 1.5 ± 0.3 and an optical depth of the peaks of the 
comb of <i = 0.5±0.2. One can clearly see the first echo at 
a delay of ^ = 360ns. The efficiency for this echo is 771 = 
0.7%. As expected from equation^] a second echo occurs 
at 4- = 720ns since here the atomic dipoles get back into 
phase for a second time. Since the storage time is twice 
as long and due to the finite width of the peaks p9l |. 
this echo is much weaker and almost not visible over the 
noise level (772 ~ 2 x 10~ 4 ). Note that the finesse of the 
comb was chosen to reach the maximal efficiency one can 
expect for the values d and do (see Eq. [5]). Measurements 
at different values of finesse confirmed this expectation. 
Note that other experiments have already demonstrated 
much higher efficiencies at other wavelengths in different 
materials [30l l32l [34l |36|. 
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FIG. 9. (COLOR ONLINE) AFC echoes at the single photon 
level. The graph shows a histogram of 8.64 x 10 s trials (lOh 
integration time) with a mean photon number of n — 0.5 per 
incident pulse. The peak on the left is the transmitted part 
of the incident photons. On the right one can see the echoes 
at the first and the second time (360ns and 720ns) the atomic 
dipoles get back into phase. 

In order to show that the coherence of the light is pre- 
served during the storage, we performed an interference 
experiment using a local oscillator. To observe an inter- 
ference fringe, we use the fact that the phase of the AFC 
echo can be controlled with the position in frequency of 
the AFC. As described in detail in [29] the occurrence and 
decay of the re-emitted light field is given by the Fourier 
transform 9(t) of the periodic atomic distribution 6(6). 
At times t = t (with m E N) after the absorption an 
echo will be emitted due to the periodical rephasing of 
the atomic dipoles. If the central frequency of the AFC 
is shifted by Aq with respect to the incident light, i.e. 
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9(8) — > 9(8 + A ), an additional phase factor occurs in 
the Fourier transform: exp(—i2irAot)8(t). The echoes 
will aquire a phase 



4> m = m2n—^ = 7710!. 
with respect to the case where Ao = 0. 



(7) 




A [MHz] 

FIG. 10. (COLOR ONLINE) Results of the interference ex- 
periments described in the text, a) Atomic frequency combs 
(zoom) for two different delays r (see figure [3b) are shifted 
by Ao. b) Constructive (delay 1) and destructive (delay 2) 
interference of the AFC echo with the transmitted part of a 
second pulse send into the sample for the two cases shown in 
a. c) Interference fringes: successively shifting the comb by 
changing the delay r (fig. [3b) allows to observe a phase shift 
range of 211. The visibility is 89 ± 3%. d) The same experi- 
ment with the second AFC echo. One can see that twice the 
phase is accumulated. This also explains the lower visibility 
of 66 ±3% (see text). Dark counts have been subtracted from 
the data, n m 0.9 for c and n ~ 9 for d. 



interference fringes but for the second AFC-echo. In or- 
der to obtain a signal clearly above the noise the number 
of incident photons per pulse was set to n « 9. According 
to equation [71 the acquired phase 4>2 is twice as large for 
a fixed Ao- This corresponds well to what we observe. 
With 66 ± 3% the visibility is significantly lower than for 
the first echo. This can be explained by the phase noise 
induced by the jitter of the laser used as local oscilla- 
tor. Let us assume that during the time between state 
preparation and the measurements the laser has shifted 
by (5Ao due to the jitter. Introducing it into equation [JJ 
we get: 



m2n- 



8A 



777(01 



0- 



(8) 



Assuming a Gaussian distribution with a width a for 
the phase noise, the visibility for m = 1 is given by [56j . 



Vi 



(9) 



For 777 > 1 the phase noise is m times larger. Therefore 

F m = e - (mCT)2/2 = ^r 2 . (io) 

In our case V\ = 0.9. The value of 0.66 we found experi- 
mentally for V-x fits well with this explanation. 

The results of this experiment confirm that the coher- 
ence of the absorbed and re-emitted light is well preserved 
in an AFC-type light-matter interface. Moreover we see 
that one can use the AFC itself to shift the phase in 
a controlled way. This capability provides an interest- 
ing tool for interference experiments involving an AFC- 
storage [36[. One can consider the output of this device 
as one of the outputs of an unbalanced Mach-Zcnder in- 
terferometer. In this picture the transmitted part of the 
incident light has taken the short, the re-emitted part the 
long (phase shifted) arm. 



VI. COMBINED AFC-CRIB STORAGE 
SCHEME 



In order to observe the phase 4>i we sent two consecu- 
tive pulses into the sample and recorded the output for 
different Ao- Width, amplitude and timing of the second 
pulse had been chosen such that its transmitted part, 
which serves as local oscillator, perfectly matches the 
echo of the first pulse. The position of the comb was 
changed by changing the trigger delay between the fre- 
quency sweep and the pump sequence (fig. [5] and II Oh ) . 
Figure [TUb shows the case of constructive and destruc- 
tive interference between the echo and the second pulse. 
The number of incident photons for the first pulse was 
77 R3 0.9. Note that the average number of photons per 
pulse that interfere in this experiment hence is of the or- 
der of 10~ 2 ! Figure [TUb shows the number of counts in 
the echo as a function of A . The sinusoidal fit gives a 
visibility of 89 ± 3%. Figure [TUH shows the same type of 



We have here studied two storage schemes having dif- 
ferent properties in a two-level configuration. The main 
advantage of CRIB is the on-demand read-out while for 
AFC it is the high multimode potential. Yet, the draw- 
back of CRIB is its lower multimode potential whereas 
for AFC it is the lack of on-demand read-out (predeter- 
mined storage time). Note that, in order to turn the AFC 
into an on-demand memory one can use so-called spin- 
wave storage [1^, [3l[ , but this would require a three-level 
configuration with two ground-state spin levels and an 
optically excited state. 

We here propose a modified scheme where we combine 
the two methods. The applied inhomogeneous broaden- 
ing in CRIB can be used as a more general tool for con- 
trolling the collective emission rate, as we have shown 
in [53j . In particular one can inhibit the revival of the 



11 



xlO 5 — both fields — only first field — no field 



20- 


,i 
\ 

\ \ 
\ \ 






15- 


! \ 
' i 

; 1 
J 1 


Magnified by 
a factor of 20 


Magnified by a 
factor of 200 


Counts 

o 




first echo 
A 


second echo 


5 - 


A 


A 




- 









-100 100 200 300 400 500 600 700 800 900 



Time [ns] 

FIG. 11. (COLOR ONLINE) Here we show control of AFC 
echoes using the CRIB effect. The dashed line (in blue) is a 
reference meaurement where no CRIB effect was used. The 
short-dashed line (red) shows how the first echo can be sup- 
pressed by applying an electric field gradient to the sample. 
In practice a small echo can still be seen since we could not ap- 
ply a large enough broadening with respect to the comb peak 
separation. Note that since the applied field is not reversed 
here, also the second echo is suppressed. The solid line (black) 
show the results if the broadening is reversed at t — 1/A, such 
that the initial coherence is recovered at t = 2/ A, resulting 
in a recovery of the second echo. Here n « 8 and dark counts 
have been subtracted from the data. 



first AFC echo by applying a large enough broadening 
after the absorption of the input pulse. Let us here re- 
mind that the AFC will rephase periodically due to the 
periodic comb structure. Hence, by reversing the ap- 
plied inhomogeneous broadening between, for instance, 
the first and second echo, one can choose to only allow 
the material to emit the second echo. In Figure [TTJ we 
show an example of such a manipulation of AFC echoes 
using the CRIB technique. 

In Figure [TTJ (and also in Fig. [9]) we can also observe 
that the echo efficiency decreases with the echo number 
to. This can be understood within the AFC theory pfjj ]. 
which says that the comb finesse causes an intrinsic de- 
phasing during the time spent in the memory. In the case 
where all previous to — 1 echoes before the TO-th echo have 
been suppressed using the CRIB effect, the efficiency of 
the TO-th echo can be calculated using eq. (|5|), with 
the last dephasing factor replaced by e^~ m l F '(* / 41n2 ). 
Otherwise energy will be emitted in the previous echoes 
and the energy emitted in the m-th echo is not trivial 
to calculate. Let's also note that this result holds if the 
retrieval efficiency is low, such that a small amount of 
energy is emitted in each echo (a reasonable assumption 
in our experiment). The above arguments lead to the 
conclusion that in order for higher order echoes to be ef- 
ficient, the comb finesse should be increased. Then this 
technique can be used to bias the retrieval efficiency to- 
wards higher order echoes. 



To summarize, by combining the two techniques one 
can create an AFC memory where the emission time can 
be controlled in discrete steps, a digital quantum mem- 
ory. This while retaining it's high multimode potential. 
Note that experimental results similar to those presented 
here have been obtained at the University of Calgary [{SlJ ■ 



VII. POSSIBLE IMPROVEMENTS 

The main issue that occurs when working with an 
erbium doped crystal as material for a quantum mem- 
ory lies in the inefficient optical pumping. As described 
in sections IIIII and IIVI this causes an absorbing back- 
ground, limits the achievable optical depth of the pre- 
pared absorption feature and leads to fluorescence noise. 
As shown in [22j . the pumping efficiency can be further 
increased by mixing the spins of the excited state using 
radio-frequency (RF) waves. In this way one improves 
the effective branching ratio and thus the probability for 
a population transfer. However, the application of the 
RF wave causes a heat input into the sample which can 
lower the lifetime of the ground state [52[ • This techni- 
cal problem can be easily solved with a sufficient cooling 
power of the cryostat used for the experiments. How- 
ever, for the measurements presented in this work, such 
a cryostat was not at our disposal. The limited cooling 
power also put a bound to the stimulation power we could 
apply to our sample. A higher stimulation power would 
reduce the fluorescence noise even more and increase the 
efficiency of the population transfer at the same time. 
However, we noticed a measurable heat input by the stim- 
ulation laser into the sample at high power. Also here a 
higher cooling power as well as a better thermalization 
of the sample would probably allow a higher efficiency 
and a lower noise level and thus to a much better signal 
to noise ratio. It is likely that the fluorescence noise has 
its origin also in decay channels involving other ground 
state (crystal field) levels than the ones used for the ex- 
periments. The signal to noise ratio could thus be further 
improved by spectral and polarization filtering after the 
sample. 

The most promising feature that played a role are the 
persistent holes mentioned in [IV] As already discussed, 
their origin so far remains unclear. We thus suggest to 
perform a detailed analysis of their origin. If they are 
due to another level not being either of the two ground 
state Zeeman levels used in the experiment, which can be 
populated in a controlled way, one might use this level 
as shelving state. A third ground state level with a long 
life- and coherence time would allow one to extend both 
protocols with a spin wave storage. This would be the 
enabling feature for AFC- or CRIB-memory with spin 
wave storage at telecommunication wavelengths. Addi- 
tionally we suggest to also explore different host materi- 
als [2(| and to study the influence of the direction and 
strength of the external magnetic field in more detail. 
Storage time, both for the AFC and the CRIB, can be 
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increased by creating a narrower initial spectral feature. 
This would in turn require a frequency stabilized laser. 



VIII. CONCLUSIONS 

We have presented experimental results obtained with 
two different approaches for a light-matter interface at 
the single photon level. By using an erbium doped doped 
into an yttrium ortho silicate crystal (Er 3+ :Y2SiOs), we 
were able to carry out these measurements at telecom- 
munication wavelengths. The main difficulty when work- 
ing with Er 3+ :Y2Si05 is the inefficient optical pumping. 
Fluorescence noise from ions left in the excited state af- 
ter state preparation is an issue when working at the 
single photon level in this material. However, we have 
shown how to minimize this source of noise. We have 
presented results concerning the possibility of pulse com- 
pression and stretching with the CRIB scheme. We have 
also shown that the presence of persistent holes not only 
allows one to perform measurements at the single photon 
level at a reasonable noise level, but also to observe CRIB 
echoes significantly above the temperature expected from 
measurements of the Zeeman level lifetime in this mate- 
rial [55j . However, the efficiency of the optical pumping 
in this material remains low and further research on this 
is required in order to make the device a useful tool for 
future experiments in quantum information science. 
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Furthermore we have presented AFC experiments at 
the single photon level in the same material. We have 
demonstrated the preservation of coherence during stor- 
age by an interference experiment using a local oscillator. 
These measurements also show how the phase of the echo 
can be changed with respect to the input pulse by a fre- 
quency shift of the AFC. The preservation of coherence 
for the second AFC echo was also shown. We observe 
that its phase is shifted twice as much as the phase of 
the first echo. The limited visibility of the interference 
fringes of both measurements could be explained by the 
phase noise of the local oscillator. 

Overall we believe that our experiments show the po- 
tential of erbium doped solids for quantum memory ap- 
plications and we hope that it will motivate some further 
material research. 
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